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At fertilization, eggs undergo a cytoplasmic free Ca2+ rise, which is necessary for stimulating embryogenesis. In starfish eggs, studies using
inhibitors designed against vertebrate proteins have shown that this Ca2+ rise requires an egg Src family kinase (SFK) that directly or indirectly
activates phospholipase C-g (PLC-g) to produce IP3, which triggers Ca
2+ release from the egg’s endoplasmic reticulum (ER) [reviewed in
Semin. Cell Dev. Biol. 12 (2001) 45]. To examine in more detail the endogenous factors in starfish eggs that are required for Ca2+ release at
fertilization, an oocyte cDNA encoding PLC-g was isolated from the starfish Asterina miniata. This cDNA, designated AmPLC-g, encodes a
protein with 49% identity to mammalian PLC-g1. A 58-kDa Src family kinase interacted with recombinant AmPLC-g Src homology 2 (SH2)
domains in a specific, fertilization-responsive manner. Immunoprecipitations of sea urchin egg PLC-g using an affinity-purified antibody
directed against AmPLC-g revealed fertilization-dependent phosphorylation of PLC-g. Injecting starfish eggs with the tandem SH2 domains of
AmPLC-g (which inhibits PLC-g activation) specifically inhibited Ca2+ release at fertilization. These results indicate that an endogenous
starfish egg PLC-g interacts with an egg SFK and mediates Ca2+ release at fertilization via a PLC-g SH2 domain-mediated mechanism.
D 2004 Elsevier Inc. All rights reserved.Keywords: Calcium; Fertilization; Phospholipase C-g; Echinoderms
2+Introduction
Fertilization is a highly specific interactive process that
occurs between two very different cells, a sperm and an egg,
which results in a zygote primed to undergo embryonic
development. Many events must occur at fertilization to
ensure successful reproduction, including sperm binding
and fusion, delivery of the male genome, and egg activation.
Egg activation enables the egg to re-enter the cell cycle and
begin embryonic development. Depending on the species,
egg activation includes the depolarization of the plasma
membrane, rapid tyrosine phosphorylation of egg proteins,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.01.031
* Corresponding author. Department of Molecular, Cellular and
Developmental Biology and the Marine Science Institute, University of
California-Santa Barbara, Bren 4L, Santa Barbara, CA 93106-9610. Fax:
+1-805-893-8062.
E-mail address: foltz@lifesci.ucsb.edu (K.R. Foltz).
1 These three authors contributed equally to this collaborative project.increased phosphoinositide (PI) turnover, release of Ca
from the endoplasmic reticulum (ER), modification of the
egg’s extracellular coat, inactivation of the MAP kinase
pathway, fusion of the male and female pronuclei, initiation
of DNA synthesis, and first cleavage (Jaffe et al., 2001;
Runft et al., 2002; Stricker, 1999). The hallmark of egg
activation in metazoans is an increase in cytoplasmic free
Ca2+, which is necessary and sufficient for re-entry of the egg
into the cell cycle (Carroll et al., 2000; Kline, 1988; Kline
and Kline, 1992; Russo et al., 1996; Sensui and Morisawa,
1996; Stricker, 1999; Whitaker and Steinhardt, 1985; Zucker
and Steinhardt, 1978). In many species, the rise in Ca2+ also
is necessary for exocytotic events that modify the egg surface
and establish the permanent block to polyspermy (reviewed
in Runft et al., 2002; Sardet et al., 2002). Thus, understand-
ing how the release of Ca2+ is initiated is crucial to a general
understanding of the fertilization process.
In echinoderms and ascidians (both nonvertebrate deu-
terostomes), the signaling pathway that couples the inter-
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the ER is beginning to be delineated (reviewed in Jaffe et
al., 2001; Runft et al., 2002; and see Giusti et al., 2003).
Egg activation in these animals includes stimulation of an
egg Src family kinase (SFK), which leads to phospholi-
pase C-g (PLC-g)-mediated hydrolysis of phosphoinosi-
tide bisphosphate (PIP2) to inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). IP3 causes release of
intracellular Ca2+ via the IP3 receptor Ca
2+ channel in the
egg’s ER.
It has been known for some time that PIP2 is hydro-
lyzed and that IP3 levels increase in echinoderm (Ciapa
and Whitaker, 1986; Ciapa et al., 1992; Kamel et al.,
1985; Lee and Shen, 1998; Turner et al., 1984), ascidian
(Toratani and Yokosawa, 1995), and frog (Snow et al.,
1996; Stith et al., 1993) eggs at fertilization. This is likely
to be the case for mammals as well (Miyazaki et al.,
1993; Xu et al., 1994; reviewed in Schultz and Kopf,
1995), although no direct measurements have yet been
made. Microinjection of IP3 activates eggs while inhibi-
tion of the IP3 receptor, prevention of the IP3 increase, or
prevention of IP3 binding to the receptor inhibits calcium
release at fertilization of many species, including mam-
mals, suggesting a conserved signaling pathway for egg
activation in deuterostome animals (reviewed in Ciapa and
Chiri, 2000; Jaffe et al., 2001; Runft et al., 2002; Stricker,
1999).
Since IP3 is generated by the hydrolysis of PIP2, a
reaction catalyzed by PLC family members, it is not surpris-
ing that pharmacological inhibitors of PLC enzymes have an
inhibitory effect on Ca2+ release in the eggs of many species,
including echinoderms (Lee and Shen, 1998), frog (Sato et
al., 2000), and mouse (DuPont et al., 1996). Currently there
are five known PLC isoforms (h, g, y, q, ~; Rebecchi and
Pentyala, 2000; Rhee, 2001; Saunders et al., 2002; Singer et
al., 1997). Of these, PLC-h and PLC-g are known to be
present and functional in echinoderm eggs (Carroll et al.,
1997, 1999; De Nadai et al., 1998; Rongish et al., 1999;
Shearer et al., 1999; Shilling et al., 1994). It is not known if
PLC-y, q, or ~ are present in echinoderm eggs. PLC-h is
activated by heterotrimeric G protein-coupled receptors
while PLC-g is activated by receptor and non-receptor
protein tyrosine kinases (PTK). PLC-g also can be activated
via translocation to the plasma membrane, where the sub-
strate, PIP2 is located, and by Ca
2+ (Rhee, 2001; Sekiya et
al., 1999). Fig. 1 depicts the basic domain structure of the
PLCg isoform. Domains X and Y are the catalytic domains
shared by all PLC isoforms. The tandem Src homology 2
(SH2) and single Src homology 3 (SH3) domains are unique
among PLCs to the PLC-g isozymes and facilitate protein–
protein interactions. The SH2 domains bind phosphorylated
tyrosine residues and the SH3 domain binds proline-rich
sequences. The recognition of phosphorylated tyrosines on
target proteins by the PLC-g SH2 domains is context
specific and required for PLC-g activation in most cases
(Rhee, 2001; Songyang and Cantley, 1995). PLC-g alsocontains a C2 domain and pleckstrin homology (PH)
domains that are shared with several other PLC isoforms
(h and y) (reviewed in Rebecchi and Pentyala, 2000; Rhee,
2001).
Several studies have demonstrated that PLC-g is pres-
ent in sea urchin eggs and that its activity increases at
fertilization (De Nadai et al., 1998; Rongish et al., 1999;
Shearer et al., 1999). One strategy that has been used to
specifically inhibit PLC-g function in many cell types and
signaling contexts is to overexpress the tandem PLC-g
SH2 domains, which results in dominant-interference/in-
hibition of the endogenous PLC-g enzyme (Bae et al.,
1998; Chen et al., 1994; Roche et al., 1996; Wang et al.,
1998). The excess PLC-g SH2 domains are thought to
inhibit endogenous PLC-g activity by competitive binding
with phosphotyrosine-containing, interacting proteins (Bae
et al., 1998; Roche et al., 1996). Injection of vertebrate
(bovine or human) PLC-g1 SH2 fusion proteins into
echinoderm (Carroll et al., 1997, 1999; Shearer et al.,
1999) and ascidian eggs (Runft and Jaffe, 2000) specifi-
cally inhibits Ca2+ release in response to fertilization,
suggesting that PLC-g is the isoform responsible for IP3
production and thus initial Ca2+ release at fertilization in
echinoderms and ascidians. Studies in echinoderms also
have shown that the bovine PLC-g tandem SH2 domain
protein interacts in a specific and fertilization-dependent
manner with a subset of tyrosine phosphorylated egg
proteins, including a SFK (Giusti et al., 1999a). In
addition, upstream SFK activity is necessary for Ca2+
release in echinoderm and ascidian eggs at fertilization
(Abassi et al., 2000; Giusti et al., 1999b, 2000, 2003;
Kinsey and Shen, 2000; Runft and Jaffe, 2000). In
echinoderms, it has been shown that SFK activity is
sufficient to trigger internal Ca2+ release and works
through the PLC-g-mediated pathway (Giusti et al.,
2000). These data indicate that Ca2+ release at fertilization
is mediated through a SFK–PLC-g signaling pathway.
However, this conclusion is based on data gathered using
reagents constructed from mammalian PLC-g1, which
may be regulated differently than echinoderm PLC-g.
Further, the nature of the SFK–PLC-g interaction is not
known. Does the SFK phosphorylate and activate PLC-g
directly or, alternatively, does the SFK phosphorylate
tyrosines on other (adaptor or receptor) proteins at the
plasma membrane to provide a docking site for PLC-g?
Finally, the injection of the tandem SH2 domain protein
derived from a PLC-g partial cDNA isolated from the sea
urchin Paracentrotus lividus had little effect on Ca2+
release in eggs at fertilization in that species (Shearer et
al., 1999). These issues and observations have raised
questions about the precise role of PLC-g in echinoderm
egg activation.
In this paper, we describe (1) the cloning and
characterization of PLC-g from oocytes of the starfish
Asterina miniata; (2) the fertilization-dependent interaction
of AmPLC-g SH2 domain proteins with an egg SFK; and
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noderm egg PLC-g. Finally, (4) we demonstrate the require-
ment of PLC-g activity for starfish egg activation by the
finding that the microinjection of the dominant-interfering
AmPLC-g SH2 domains inhibits Ca2+ release at fertilization
in a specific and dose-dependent manner.Materials and methods
Cloning of A. miniata PLC-c cDNA
A high-density, macro-arrayed starfish (A. miniata) oo-
cyte cDNA library representing 110,000 clones (Kalinowski
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988–1692) of rat PLC-g1 (accession # J03806; the gift of
Sue Goo Rhee, NIH, Bethesda, MD). The probe was made
by PCR amplification using the rat PLC-g1 as template and
primers were 5V-TGTCACCTTTCTGTTCTCC-3V (nucleoti-
des 988–1006 of rat PLC-g1) and 5V-TCTTCATCCT-Fig. 1. Sequence comparison of A. miniata PLC-g and other PLC-g proteins. (A
protein sequence with that of full-length human (accession # NP877963), bov
BAA76275), and a sea urchin (P. lividus; accession # CAB38087) PLC-g1 protein
amplified by rtPCR from starfish oocyte mRNA. Several nucleotide differences be
cDNA library were detected. These nucleotide differences resulted in conserva
alignment): (i) residue #607 is A instead of V; (ii) residue #1106 is D instead of G
green, the catalytic X and Y domains are indicated in purple, the tandem SH2 doma
teal. Amino acids 180–198 (in red; numbering based on actual AmPLC-g clone) w
The three catalytic regulatory tyrosines (known in mammalian, but putative in the
and the SH3 domain, and at the C-terminus, are in bold. (B) Schematic of the dom
amino acid sequence identity is 49% and similarity is 60%. Domains are color cCATTTCCC-3V (nucleotides 1675–1692 of rat PLC-g1).
The probe was labeled by incorporation of a32P-dCTP and
nonincorporated nucleotides were removed using Probe-
Quant G-50 microspin columns (Amersham Biosciences,
Piscataway, NJ). Array filters were hybridized for 20 h at
60jC, washed several times with 2 SSC (300 mMNaCl, 30) Sequence alignment of the AmPLC-g (accession # AY486068) deduced
ine (accession # NP776850), sponge (Ephyclatia fluviatilis; accession #
. The AmPLC-g sequence reported is that derived from the full-length clone
tween this sequence and the partial cDNA isolated from the starfish oocyte
tive amino acid differences (indicated by asterisks; numbering based on
; and (iii) residue #1195 is K instead of E. The PH domains are indicated in
ins are indicated in blue, the SH3 domain is in pink, and the C2 domain is in
ere used as the peptide antigen for production of the AmPLCpep antibody.
echinoderm PLC-g proteins), located between the C-terminal SH2 domain
ain structure and comparison of AmPLC-g and bovine PLC-g1. The overall
oded as in A. The conserved tyrosines (Y) are denoted.
Fig. 1 (continued).
L.L. Runft et al. / Developmental Biology 269 (2004) 220–236224mM sodium acetate, pH 7.0) + 0.1% SDS at room temper-
ature, then rinsed twice with 0.5 SSC + 0.1% SDS at 55jC
(Sambrook and Russell, 2001). Several cDNAs were isolated
and sequenced (ABI Big Dyek Terminator Cycle Sequenc-
ing kit, Applied Biosystems, Foster City, CA; sequencing
was performed by MWG Biotech, Inc., High Point, NC).
One cDNA, 3362 bp long, included a 5VUTR of 55 bp and a
predicted continuous open reading frame of 1120 amino
acids with high similarity to vertebrate PLC-g1 (see below).
To obtain the 3Vend of the cDNA, gene-specific primers were
designed at the 3Vend of the partial PLC-g cDNA and RACE
(rapid amplification of cDNA ends) was carried out using the
SMART RACE cDNA Amplification Kit (Clontech, Palo
Alto, CA). RACE products were subcloned into the pCR 2.1-
TOPO vector (InVitrogen, Carlsbad, CA) and sequenced
(Iowa State Sequencing Facility, Ames, IA). A clone encom-
passing the entire putative open reading frame was obtained
by rtPCR of starfish oocyte cDNA using gene-specific
primers in the 5V and 3V UTR and cloned into the pCR2.1-
TOPO vector (accession # AY486068). In this work, we refer
to this full-length PLC-g sequence as AmPLC-g. DNA
sequence manipulation and analysis were performed using
MacVector 7.0 (Accelrys, San Diego, CA) and theWisconsin
Package (Genetics Computer Group). Orthologues were
identified using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST) and sequence comparisons were performed with
CLUSTALW (Thompson et al., 1994).
PLC-c antibodies
Two polyclonal antibodies against AmPLC-g were pro-
duced in chickens (Aves Labs, Tigard, OR). One antibody,
designated anti-AmPLCSH2, was generated by immunizing
two hens with a His-tagged fusion protein comprising the
AmPLC-gSH2SH2 domains (Figs. 1A and 4A, AmPLC-
gSH2SH2 construct #1). The AmPLC-g tandem SH2
domains were amplified by PCR from pSport1 plasmid
DNA containing the original partial PLC-g cDNA, inserted
into the pET28b+ vector (Novagen, Madison, WI) and the
resulting construct was sequenced to confirm orientation,
reading frame maintenance and to rule out any PCR incor-
poration errors. For protein expression, the pET28bAmPLC-
gSH2SH2 plasmid was transformed into E. coli BL21(DE3)
competent cells (Novagen). After induction with 1 mM IPTG
for 1.5 h at 37jC, cells were lysed using a French Press andthe AmPLC-gSH2SH2 His-tagged protein was purified from
inclusion bodies using the Novagen protein refolding kit
(Novagen). The soluble inclusion bodies were dialyzed into
1 PBS (pH 7.4) and concentrated using a 4-ml Millipore
(Bedford, MA) concentrating tube (UFV4BGC25, ultrafree,
biomax, 10 K NMWL membrane) that had been prewashed
with 1 PBS. The concentrated AmPLC-gSH2SH2 His
fusion protein was then used as immunogen in two hens
after first obtaining pre-immune sera (Aves Labs). The IgY
was purified using standard methods (Aves Labs).
The second antibody, designated anti-AmPLCpep, was
generated against an internal peptide predicted to be immu-
nogenic (residues 180–198; Fig. 1A) and injected into two
separate hens after obtaining pre-immune sera. The IgY was
subsequently affinity purified using the peptide conjugated to
a matrix. The peptide synthesis, conjugation, and subsequent
affinity purification was performed by Aves Labs. The pre-
immune serum from all four hens was negative on immuno-
blots of recombinant protein and of echinoderm egg lysates
(data not shown). A mixed monoclonal antibody against
bovine PLC-g1 was purchased from Upstate Biotechnology
(catalog #05-163; Lake Placid, NY); this antibody has been
used to assess PLC-g activity in sea urchin eggs (De Nadai et
al., 1998; Rongish et al., 1999). All antibodies were tested for
specificity by immunoblot analysis of egg lysates and by
their ability to recognize and immunoprecipitate recombinant
AmPLC-g protein (Harlow and Lane, 1988).
In vitro transcription and translation
The full-length AmPLC-g cDNA was subcloned into
pBluescript II KS+ and the TNTCoupled Reticulocyte Lysate
System (Promega) was used for in vitro transcription and
translation in the presence of 35S-methionine (NEN-DuPont,
Boston, MA) to generate the full-length protein. A portion of
the reaction was either prepared immediately for gel electro-
phoresis by dilution in an equal volume of 2 gel sample
buffer or was diluted with 0.5 ml of immunoprecipitation
buffer (IPB; 1% Triton X-100, 50 mM Hepes, pH 7.5, 150
mMNaCl, 1 mMEGTA, 1mMEDTA, 100 AMpefabloc, and
10 AM each of leupeptin, aprotonin, and benzamidine). For
immunoprecipitations, primary antibodies (1 Ag) were added
and samples were incubated with rotation at 4jC for 2 h. Anti-
chicken IgY beads (Promega) or Protein G sepharose beads
(Sigma Co., St. Louis, MO)were added (25 Al of a 80% slurry
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Immunoprecipitates were collected by centrifugation in a
microfuge and washed by resuspension in 1 ml IPB four
times. After the final wash, 25 Al of 2 gel sample buffer was
added to the immunoprecipitates, samples were heated at
95jC for 5 min and loaded on 7.5% polyacrylamide SDS
gels. Gels were fixed and stained in Coomassie Brilliant Blue
R250, destained and treated with EnHance (NEN-DuPont)
for 30 min. After several washes in water, gels were dried
under vacuum and exposed to Super RX film (Fuji Film Co.,
Ltd., Tokyo, Japan). Film was scanned using an Epson 3200
scanner connected to a computer and figures were compiled
using Adobe Photoshop (Adobe System, Inc., Seattle, WA).
Gamete collection
Adult A. miniata (bat stars) were collected from the Santa
Barbara Channel (Naples Reef) and maintained in open
system aquaria at 14–16jC. Ovary and testis were collected
through a hole in the dorsal surface of the animal, made with
a 3-mm sample corer (Fine Science Tools, Foster City, CA).
See below for handling of oocytes for microinjection. For
biochemical methods, mature eggs were obtained by incu-
bating the excised ovary in 0.22 Am filtered natural sea
water (FSW) containing 2 AM of the maturation hormone 1-
methyladenine (1-MA; Sigma Co.). Eggs were washed three
times by gravity settling in FSW and were fertilized with a
1:5000 final dilution of sperm between 15 and 45 min after
germinal vesicle breakdown before first polar body emis-
sion. Sperm were obtained by mincing the testis, followed
by centrifugation for 1 min at 3000  g to separate the
sperm suspension from other testis tissue. For each exper-
iment, a sample of eggs was assessed for general health and
maturity by fertilizing the eggs and monitoring their devel-
opment over several days.
Adult Strongylocentrotus purpuratus sea urchins were
collected from the Santa Barbara Channel (Goleta Pier,
Goleta, CA) maintained in open system aquaria at 10–
12jC and fed a diet of Macrocystis. Gametes were collected
by intracoelomic injection of 0.55 M KCl; sperm were
collected dry and kept on ice. Eggs were collected into
FSW, washed by gravity settling, and dejellied by passage
through 120 Am Nitex mesh (Barnstead, Inc, Barnstead,
NY). For fertilization, sperm were diluted 1:25,000 in FSW
containing 10% concentrated egg jellywater, then added to
an equal volume of a 10% suspension of dejellied eggs
(final sperm dilution 1:50,000).
Egg fractionation and sample preparation
Unfertilized eggs or eggs fertilized by addition of sperm
were centrifuged at approximately 3000  g for 1 min in a
Beckman tabletop centrifuge and the FSW was removed. For
affinity interactions, lysates were prepared by the addition of
ice-cold lysis buffer [1% Triton X-100, 50 mM Hepes, pH
7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 5 mM NaF,1 mM Na3VO4, 100 AM PEFABLOC (4-2-aminoethyl-
benzenesulfonyl-fluoride hydrochloride; Roche Diagnos-
tics, Indianapolis, IN), and 10 AM each of leupeptin,
aprotonin, and benzamidine] and disruption using a Tef-
lon-fitted homogenizer. Lysates were incubated on ice for
20 min, followed by centrifugation at 16,000  g for 30
min at 4jC. The clarified supernatant, called ‘‘total soluble
egg lysate,’’ was then removed, adjusted to 1 mg/ml
concentration, and used in affinity interactions (see below).
For isolation and detection of intact AmPLC-g, the lysis
buffer (called PLC buffer) was composed of 50 mM HEPES,
pH 7.5, 150 mM NaCl, 5 mM EGTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 10% glycerol, 1 mM
sodium orthovanadate, 10 mM NaF, 5 mg/ml soybean
trypsin inhibitor, 1 AM PEFABLOC, 100 AM Protease
Inhbitor Cocktail III (CalBiochem, San Diego, CA). Protein
concentration was determined by the BCA method (Pierce,
Inc., Rockford, IL) with BSA as the standard.
GST fusion protein construction and purification
The tandem SH2 domains of AmPLC-g (from residues
555 to 780; Fig. 4A, starfish SH2-SH2 construct #2) were
amplified by PCR and cloned into the pCR2.1TOPO vector.
The insert was then subcloned into the pGEX-6P-1 expres-
sion vector (Pharmacia, Piscataway, NJ) and sequenced
(Iowa State Sequencing Facility). The bovine PLC-gSH2S
H2 in the pGEX-2TV6 vector was the kind gift of Sara
Courtneidge (Sugen, Inc., Redwood City, CA) and murine
SHP2SH2SH2 in the pGEX-2T vector was the kind gift of Dr.
Tony Pawson (Mt. Sinai Hospital, Toronto, Ontario, Canada).
Preparation of immobilized fusion proteins for use in the
affinity interactions was as described previously (Giusti et al.,
1999a).
To prepare GST fusion proteins for use in microinjection
experiments, plasmids harboring the various constructs were
transformed into E. coli BL21star (DE3) pLysS competent
cells using the One Shot cloning kit (Invitrogen). Protein
expression and purification was essentially as suggested by
the manufacturer except that induction with 1 mM IPTG was
for 2 h at room temperature. Bacterial lysates were prepared
by resuspending cell pellets in ice-cold lysis buffer (19 ml of
buffer per 250 ml culture; 1 PBS, 1% Triton X-100, 10 AM
each of leupeptin, aprotonin, and benzamidine) and passage
through a French Press three times. The resulting homoge-
nate was clarified by centrifugation at 30,000  g (SS34
rotor) for 15 min at 4jC in a Sorvall RC5C centrifuge.
Prewashed glutathione sepharose beads (Pharmacia) were
added and samples were incubated at 4jC on a rotating
wheel for 1 h. The beads were collected by centrifugation
and washed four times in 1 PBS. After the last wash, the
beads were resuspended in 2 volume of elution buffer (50
mM reduced glutathione, 100 mM Tris, pH 8.0) and incu-
bated at 4jC on a rotating wheel for 20 min. The beads were
collected by centrifugation at 3000 rpm at 4jC for 3 min.
The supernatant was saved as elution 1. Elutions were
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majority of the fusion protein were dialyzed into 1 PBS
and concentrated using a 4-ml Millipore (Bedford, MA)
concentrating tube (UFV4BGC25, ultrafree, biomax, 10 K
NMWL membrane) that had been prewashed with PBS. The
elutions were concentrated to a final volume of 20 Al in
PBS, divided into 2-Al aliquots, snap frozen in liquid
nitrogen, and stored at 70jC. Protein concentration was
determined by the BCA assay (Pierce, Inc.) with BSA as the
standard protein. Typically, 2 L of induced bacterial cell
culture yielded approximately 900 Ag of AmPLC-gSH2SH2
fusion protein.
Affinity interactions
Affinity interaction experiments were based on the GST
pulldown method described by Gish et al. (1995) and by
Giusti et al. (1999a). Total TX-100 soluble egg lysate (1 mg)
was incubated with 5 Ag GST fusion protein immobilized on
glutathione agarose beads (Sigma Co.) in a 1-ml volume for
4 h with constant mixing at 4jC. Unbound proteins were
removed by five washes in 1 ml of lysis buffer. Gel samples
were prepared immediately.
SDS-PAGE and immunoblots
Protein samples were prepared for electrophoresis by
suspension in Laemmli SDS sample buffer (Laemmli,
1970) and heated at 95jC for 10 min. Following brief
centrifugation at 16,000  g in a microfuge, samples were
loaded immediately on 7.5% or 10% polyacrylamide (see
figure legends) Tris–glycine SDS gels. Unstained and
prestained Precision as well as broad range Mr standards
were from Bio-Rad Laboratories (Hercules, CA). After
electrophoresis, gels were either stained in Coomassie
Brilliant Blue R-250 or equilibrated in transfer buffer (0.2
M glycine, 25 mM Tris, pH 8.8, 0.1% SDS, 25% methanol;
Towbin et al., 1979) for 15 min then transferred to
nitrocellulose (0.45 Am NitroBind, Micron Separations;
Westboro, MA) for 1 Amp hour. Following transfer,
membranes were rinsed and blocked for 3 h at room
temperature. The SRC-2 polyclonal antibody (#sc-18, Santa
Cruz Biotechnology, Santa Cruz, CA) was diluted 1:500 (2
Ag/ml) (wash buffer—10 mM Tris, pH 8.0; 150 mM NaCl;
0.5% Tween 20 and block containing 5% dry milk). The
py20 monoclonal antibody was from BD Transduction
Labs (San Diego, CA) and was used at 1:10,000 (wash
buffer—10 mM Tris, pH 7.4; 100 mM NaCl; 1% Tween 20
and block containing 3% BSA). The anti-bovine PLC-g
mixed monoclonal antibody was diluted 1:500; anti-
AmPLCSH2 was used at 6 Ag/ml and anti-AmPLCpep
was used at 0.5 Ag/ml (wash buffer—PBS, pH 7.4 and
block containing 3% dry milk). Primary antibodies were
incubated with blots at room temperature for 1.5 h. To
confirm the specificity of the pY20 antibody, blots were
probed in the presence of 5 mM ortho-phospho-L-tyrosine(Sigma Co.). Goat anti-rabbit IgG and sheep anti-mouse
secondary antibody HRP conjugates (BD Transduction
Labs) were used at a 1:12,000 and 1:10,000 dilution,
respectively. An HRP-conjugated anti-chicken IgY second-
ary antibody (Aves Labs) was used at 1:15,000. Antibody
binding was detected using the Super Signal Picowest
chemiluminescence kit (Pierce, Inc.).
Microinjection and Ca2+ measurements
A. miniata ovary was minced in filtered seawater (FSW)
and suspended oocytes were defolliculated using Ca2+ free
seawater (see Chiba et al., 1990). Quantitative microinjection
(Hiramoto, 1962) using Kiehart chambers (Kiehart, 1982)
was as described previously (Carroll et al., 1997; and see
Jaffe and Terasaki, in press). All injections were performed at
16jC on an Olympus BX41 upright microscope (Olympus,
Melville, NY) using a 20, 0.5 NA UPlan FI objective
(Olympus). Injected volumes were 1% (IP3 injections) or 3%
(protein injections) of the oocyte volume of approximately
3100 pl. Protein and IP3 concentrations refer to the final
concentration in the cytoplasm of the oocyte assuming equal
distribution. Proteins were co-injected with calcium green–
10 kDa dextran (Molecular Probes, Eugene, OR) so that the
final concentration of calcium green dextran in the oocyte
was 10 AM. Following microinjection of protein, the oocytes
were then matured by replacing the FSW in the injection
chamber with 1AM 1-MA in FSW.
Ca2+ measurements were made by detecting calcium
green dextran fluorescence of the whole egg using a
photodiode (Oriel, Stratford, CT) connected through an
analog to digital signal converter (Powerlab 2/20 from
ADInstruments, Colorado Springs, CO) to a MacIntosh
iBook computer (Apple, Cupertino, CA). Approximately
10–50 min following germinal vesicle breakdown, the
baseline fluorescence of the egg was recorded for approx-
imately 30 s. The fluorescence recording was then stopped
as the egg was inseminated by adding 1:10,000 dilution of
sperm to the front of the injection chamber. Recording was
resumed immediately following insemination. The traces
produced representing calcium green dextran fluorescence
intensity as a function of time were analyzed using ‘‘Chart’’
software from ADInstruments.
Confocal microscopy
Ca2+ green dextran fluorescence was imaged using a
scanning confocal microscope (MRC600; BioRad Labo-
ratories, Hercules, CA) with a 20, 0.5 NA Plan Neo-
fluar objective (Zeiss Inc., Thornwood, NY). The video
output from the confocal microscope was saved to a
digital disc recorder (WJ-HD 100; Panasonic, Secaucus,
NJ). To make Fig. 6, the data were assembled into a
Quicktime movie and still frames from the movie were
assembled into the figure using Adobe Photoshop 5.5
(Adobe Systems Inc.).
Fig. 3. The AmPLC-g antibodies specifically recognize PLC-g protein in
echinoderm eggs. Eggs from S. purpuratus (Sp; lane 1) and A. miniata (Am,
lanes 2 and 3) were lysed in PLC isolation buffer (lanes 1 and 2) or directly
in Laemmli sample buffer (lane 3; see Materials and methods). After
clarification by centrifugation, total soluble proteins (20 Ag) were subjected
to electrophoresis on 7.5% polyacrylamide gels and transferred to
nitrocellulose. After blocking, blots were probed with 2 Ag/ml of the
affinity-purified AmPLCpep antibody (A) or the anti-AmPLCSH2 antibody
(B). Antibody binding was detected with HRP-conjugated anti-chicken IgY
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Identification of starfish phospholipase C-c
A cDNA encoding a partial starfish PLC-g encompassing
55 bp of 5VUTR and a continuous open reading frame (1120
aa) was identified by screening a high-density macro-arrayed
starfish (A. miniata) oocyte cDNA library with the X domain
of rat PLC-g1. To obtain the remaining open reading frame
and flanking 3V UTR sequence, gene-specific primers were
designed at the 3V end of the partial PLC-g clone and rapid
amplification of cDNA ends (RACE) was conducted. Based
on the assembled sequence, a cDNA clone comprising the
entire open reading frame (1261 aa) and flanking UTR then
was obtained by rtPCR from starfish oocyte mRNA using
gene-specific primers anchored in the 5V and 3V UTR.
Comparison of the derived amino acid sequence of the
cDNA clone from the library and the full-length clone
amplified by rtPCR revealed several nucleotide differences
that resulted in three conservative amino acid substitutions
(Fig. 1A). Whether these minor differences are attributable to
PCR incorporation error or represent polymorphisms is not
known.
Comparison of the AmPLC-g amino acid sequence with
known sequences revealed that the clone was most similar toFig. 2. The full-length AmPLC-g cDNA clone encodes a protein recognized
by anti-PLC-g antibodies. The full-length AmPLC-g cDNA clone was
transcribed and translated in the presence of 35S-methionine. The reaction
mixture (lane 1 is one-tenth of the total TNT reaction) was divided, diluted in
buffer, and immunoprecipitated with 5 Ag of a mixed monoclonal antibody
against bovine PLC-g1 (lane 3), affinity-purified anti-AmPLCgpep (lane 5),
or anti-AmPLCgSH2 (lane 7). Protein G sepharose (lane 2), depleted
AmPLCpep antibody (lane 4), and anti-chicken IgY agarose beads (lane 6)
were incubated alone with the reaction mixture as negative controls.
Immunoprecipitates were electrophoresed on a 7.5% polyacrylamide SDS
gel. The dye front was allowed to run off for 45 min to increase the resolution
of the high Mr protein. The gel was fixed and treated with EnHance, then
dried and exposed to x-ray film. The arrow denotes the position of the
recombinantAmPLC-g protein. Lanes 1–5 are a 30-h exposure; lanes 6 and 7
are a 96-h exposure. As another control for specificity, the antibodies were
used to immunoprecipitate reaction mixtures of an unrelated protein,
luciferase. None of the three anti-PLC-g antibodies recognized the control
protein (data not shown). Precision size standards are 1000 Da. The
experiment was repeated three times with the same results.
and enhanced chemiluminescence (a 2-min exposure is shown). The arrows
indicate the intact PLC-g protein. The lower bands (arrowheads) probably
are degradation products (see Results). Size standards (1000 Da) are
indicated at left. The experiment (using the optimal buffer conditions) was
performed on nine different batches of eggs. Shown are results typical of
seven of those experiments. In the other two experiments, significant
degradation of the intact PLC-g was observed and the number of
immunoreactive bands recognized by the AmPLCSH2 antibody increased
(see Results).the vertebrate PLC-g family (Fig. 1). There are several
notable features in starfish PLC-g that are conserved among
all known PLC-g proteins. In particular, the histidine
residues in the X catalytic domain that are required for
enzymatic activity are conserved, as are the putative regu-
latory tyrosines located between the SH2 (C) domain and
SH3 domain and at the C-terminus of the molecule (Car-
penter and Ji, 1999; Rebecchi and Pentyala, 2000; Rhee,
2001; Rhee and Bae, 1997; Singer et al., 1997; Fig. 1). The
overall amino acid sequence identity between bovine PLC-
g1 and starfish PLC-g is 49% and the overall similarity is
60%, but various domains, such as the X and Y catalytic
domains, exhibit greater identity and similarity (Fig. 1B).
The starfish clone exhibits 45% identity and 64% similarity
to human PLC-g1 and 42% identity and 61% similarity to
human PLC-g2. This degree of similarity is roughly the
same as that shared between human PLC-g1 and human
PLC-g2 (51% identity, 63% similarity). A neighbor joining
tree comparing the sequences shown in Fig. 1A indicates
that echinoderm PLC-g diverged from the mammalian
PLC-g gene family before the divergence of mammalian
PLC-g1 and PLC-g2 (data not shown). Thus, we refer to
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tent with this, sea urchins (S. purpuratus) also appear to
contain a single PLC-g, based on partial sequences derived
from the genome project to date (see http://sea-urchin.
caltech.edu/genome).
Because the complete AmPLC-g open reading frame was
derived from a combination of partial cDNA sequence
overlapping with RACE-derived PCR products, we asked
whether the ‘‘full-length’’ clone encoded a protein of the
predicted size (147,250 Da) and if it was recognized by
antibodies directed against PLC-g1. To do this, we con-Fig. 4. PLC-gSH2SH2 GST fusion proteins. (A) Alignment of the tandem SH2
experiments. The starfish AmPLC-gSH2SH2 #2 recombinant protein is soluble an
the microinjection and affinity interaction experiments in this study. Shearer et a
poorly soluble and it does not inhibit Ca2+ release at fertilization in the sea urchin
domain that determine specificity are indicated. Identical residues are shaded an
gSH2SH2 (lane 1) and murine SHP2SH2SH2 (lane 2) GST fusion proteins (1 Agducted in vitro transcription and translation (TNT) reactions
in the presence of 35S-methionine using the full-length
cDNA as a template. The resulting TNT product was then
assessed directly for size by migration on SDS polyacryl-
amide gels and by immunoprecipitation with a mixed
monoclonal antibody directed against bovine PLC-g1.
Fig. 2 illustrates that the full-length AmPLC-g cDNA
encodes a high Mr protein that migrates slightly higher
than the 150-kDa marker and that this protein is recognized
by the mixed monoclonal antibody against bovine PLC-g1
(Fig. 2, lane 3).domains of various PLC-g proteins that have been used in microinjection
d inhibits Ca2+ release at fertilization (see text). This is the protein used for
l. (1999) report that the P. lividus (sea urchin) PLC-gSH2SH2 construct is
egg. The five key positions (hE4, EF1, hD5, BG2 and BG3) in each SH2
d boxed. (B) Coomassie-stained gel of the purified recombinant AmPLC-
) used in this study. Size standards (left) are 1000 Da.
Table 1
Ca2+ release responses in starfish eggs injected with various tandem SH2
domain fusion proteins







of the Ca2+ risec
None 8/8 12.5 F 2.7 0.73 F 0.1
Murine SHP2SH2SH2
1 mg/ml 4/4 12.6 F 2.6 0.67 F 0.05
0.5 mg/ml 4/4 16.5 F 6.9 0.70 F 0.07
0.1 mg/ml 6/6 13.2 F 1.7 0.71 F 0.03
AmPLC-gSH2SH2
1 mg/mld 0/4 – –
0.5 mg/mld 0/4 – –
0.1 mg/ml 7/7 193 F 216e 0.31 F 0.17e
0.01 mg/ml 5/5 14.6 F 4.9 0.68 F 0.04
Numbers reported are the mean F SD.
a Protein concentrations listed refer to the final concentration in the egg
cytoplasm, assuming even distribution. Murine GST-SHP2SH2SH2 protein
(1 mg/ml) corresponds to a final concentration of 20 AM and 1 mg/ml
starfish GST-PLCgSH2SH2 proteins correspond to a final concentration of
19 AM.
b Values represent the time from the beginning of the action potential to the
time when the calcium green dextran fluorescence increased significantly
above the baseline.
c Values refer to the peak fluorescence measured after insemination divided
by the baseline fluorescence of the unfertilized egg.
d At these concentrations of AmPLC-gSH2SH2 protein, eggs were
completely inhibited from releasing Ca2+ after insemination for a recording
period of at least 13 min.
e Values that are significantly different from the no protein control (Mann–
Whitney test, two-tailed P value < 0.0006; calculated using InStat software;
GraphPad, Inc., San Diego, CA).
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regions of AmPLC-g (see Materials and methods and Fig.
1A). One antibody, designated anti-AmPLCpep, was gener-
ated against an internal peptide (residues 180–198; Fig. 1A).
The second antibody, designated anti-AmPLCSH2, was
directed against the AmPLC-g tandem SH2 domains (Fig.
4A, construct #1). Both of these antibodies also specifically
recognized the recombinant AmPLC-g protein (Fig. 2, lanes
5 and 7, respectively). The AmPLCpep antibody, which was
affinity purified, appeared to immunoprecipitate the recom-
binant protein much more efficiently than the anti-
AmPLCSH2 IgY, which was not affinity purified (Fig. 2,
compare lanes 5 and 7).
Presence of PLC-c in eggs
Lysates of starfish and sea urchin eggs were probed with
the two different antibodies directed against AmPLC-g (Fig.
3). Both antibodies recognized a protein migrating at ap-
proximately 150 kDa in sea urchin and a slightly larger
protein in starfish eggs. It was necessary to optimize the lysis
buffer (see Materials and methods) used to preserve the intact
AmPLC-g protein, which is extremely labile in our hands
(the sea urchin protein is relatively stable by comparison).
The appearance of immunoreactive lower Mr bands was
consistently observed; the relative intensity of these lower
bands (Fig. 3) typically was inversely proportional to the
relative intensity of the high Mr, intact protein. In addition,
the echinoderm PLC-g protein appeared to be more labile in
lysates of fertilized as compared to unfertilized eggs. Typi-
cally, the AmPLCSH2 antibody did not give as strong a
signal as the affinity-purified AmPLCpep antibody (see
above) and, although both antibodies routinely gave the
same staining pattern on immunoblots, some preparations
of egg lysates resulted in additional bands when probed with
AmPLCSH2 as compared to AmPLCpep (this was observed
in two of nine experiments). The appearance of these
additional immunoreactive bands correlated with a loss of
the intact protein.
PLC-c SH2 domain fusion proteins
As noted in the Introduction, injection of the tandem SH2
domain protein of AmPLC-g is predicted to interfere with
activity of the endogenous full-length PLCg enzyme in the
egg and thus inhibit Ca2+ release at fertilization (Carroll et
al., 1997). Another prediction is that these SH2 domains
would interact with an egg SFK (Giusti et al., 1999a). To
carry out these experiments, we first had to ensure that the
AmPLC-g SH2 domains were soluble and functional; prop-
erties which are dependent upon the exact amino acids
included in the construct (Songyang and Cantley, 1995).
All of the proteins shown in Fig. 4A have been tested as GST
fusion proteins for the ability to inhibit Ca2+ release at
fertilization in starfish and/or sea urchin eggs. In the work
described here, we used the AmPLCg-SH2SH2 proteinencoded by the #2 construct (Fig. 4A), which is quite
soluble, much more easily purified compared to construct
#1 (Fig. 4B), and inhibits Ca2+ release in starfish eggs at
fertilization (Figs. 5 and 6; Table 1). Results using this
protein are compared with the results using the other SH2
proteins in the Discussion section.
Starfish PLC-c SH2SH2 domain fusion proteins inhibit
Ca2+ release at fertilization
To test the hypothesis that the endogenous starfish PLC-g
is necessary for Ca2+ release at fertilization, the AmPLC-
gSH2SH2 GST fusion protein (construct #2; Fig. 4) was co-
injected with the indicator dye calcium green dextran (CaG)
into starfish oocytes at various concentrations (Fig. 5). The
oocytes were then matured (the presence of the AmPLC-
gSH2SH2 fusion protein had no effect on oocyte maturation
as monitored by the time of GVBD following 1-MA addi-
tion) and the ability of the eggs to release Ca2+ at fertilization
was examined. The results show that at 1 mg/ml (19 AM,
final concentration in the cytoplasm) and at 0.5 mg/ml,
AmPLC-gSH2SH2 fusion protein completely blocks Ca2+
release at fertilization (Fig. 5C; Table 1). At a lower
concentration of 0.1 mg/ml, various Ca2+ release events
were produced that ranged from multiple small rises (Figs.
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decreased amplitude and duration (Fig. 5E) compared to
controls (Figs. 5A and B). Two of the seven eggs injected
with 0.1 mg/ml AmPLC-gSH2SH2 fusion protein (Table 1)
showed no fertilization envelope (FE) elevation, whereas the
remaining five eggs showed partial FE elevation (data not
shown). At 0.01 mg/ml, the AmPLC-gSH2SH2 protein had
no effect on Ca2+ release at fertilization (Fig. 5F; Table 1).
When eggs that were injected with 0.1 mg/ml AmPLC-
gSH2SH2 protein were imaged on a confocal microscope,
multiple sites of wave initiation were detected but did not
result in the production of a wave that could propagate across
the entire egg (Fig. 6; the entire movie can be viewed at
http://my.fit.edu/~dcarroll/amplcg/confocal.htm). The egg
shown in Fig. 6B exhibited partial FE elevation (data not
shown). This result suggests that PLCg activity may be
involved not only in Ca2+ wave initiation but also in wave
propagation. Injection of the control murine SHP2SH2SH2
GST fusion protein at either high (1 mg/ml; 20 AM final) or
low (0.1 mg/ml; 2 AM final) concentrations had no effect on
Ca2+ release at fertilization (Figs. 5B and 6A; Table 1).
To ensure that eggs injected with the high concentrations
of AmPLC-gSH2SH2 were healthy and capable of Ca2+
release, IP3 rescue experiments were conducted. After injec-Fig. 5. The AmPLC-gSH2SH2 GST fusion protein inhibits Ca2+ release at fertilizati
and the indicated SH2 domain protein (final concentration in the egg, assuming uni
and Ca2+ green fluorescence was monitored using a photodiode. Traces show Ca2
marks the rise of the fertilization potential, indicating the time of sperm–egg fusion
of Ca2+ responses from individual eggs are shown. In C, the lower line is a continu
while a needle was loaded with IP3. Recording was resumed and, at the arrow, 0.1
microinjection data.tion of the inhibitory AmPLC-gSH2SH2 fusion protein at 1
mg/ml or 0.5 mg/ml, which completely blocks Ca2+ release
(Fig. 5; Table 1), 0.1 AM IP3 was then injected, and
subsequent Ca2+ release was monitored. In all cases, eggs
injected with AmPLC-gSH2SH2 protein that were complete-
ly inhibited from releasing Ca2+ in response to insemination
were capable of Ca2+ release in response to the IP3 injection
(Fig. 5C, Table 2).
An egg Src family kinase associates with starfish
PLC-cSH2SH2 domains in a fertilization-dependent
manner
Previous work (Giusti et al., 1999a) demonstrated that a
starfish egg SFK-like protein specifically associates with
bovine PLC-g1 tandem SH2 domains in a fertilization-
dependent manner. To confirm that endogenous AmPLC-g
also exhibits this property, we used the same GST pulldown
strategy. Lysates of unfertilized and fertilized (2.5 min post
sperm addition) starfish eggs were incubated with immobi-
lized bovine PLC-gSH2SH2, AmPLC-gSH2SH2, or murine
SHPSH2SH2 GST fusion proteins. Blots of the pulldowns
were probed with a polyclonal antibody directed against the
conserved C-terminal region of vertebrate SrcA family mem-on in starfish eggs. Starfish oocytes were co-injected with Ca2+ green dextran
form distribution, is indicated). After maturation, the eggs were inseminated
+ green fluorescence as a function of time (scale bar = 1 min). The asterisk
(McCulloh and Chambers, 1992; Swann et al., 1992). Representative traces
ation of the same record. At the arrowhead, the record was stopped for 5 min
AM IP3 was injected into the egg. See Tables 1 and 2 for complete listing of
Fig. 6. Imaging of Ca2+ release at fertilization in starfish eggs injected with tandem SH2 domain-containing fusion proteins. Starfish oocytes were co-injected
with Ca2+ green dextran and the indicated fusion protein (at a final concentration of 0.1 mg/ml) and then matured. The eggs were then inseminated while imaging
Ca2+ green dextran fluorescence using a confocal microscope. Still images are shown at approximately 6-s intervals and are read left to right. The asterisk
indicates the occurrence of the action potential, which appears as a bright ring around the egg cortex and marks the time of sperm–egg fusion. (A) An egg
injected with control SHP2SH2SH2 protein and inseminated produced an action potential (asterisk) followed approximately 12 s later by a Ca2+ wave, which
propagated across the entire egg. The two small black circles visible in the egg cytoplasm in the last two frames are two oil drops, which are an inert byproduct of
the microinjection procedure. (B) An egg injected with AmPLC-gSH2SH2 protein and inseminated produced an action potential (asterisk), but not a complete
Ca2+ wave. The white arrows mark the initiation of small, local Ca2+ rises that occurred in the egg, but did not propagate across the egg. The frame containing the
black arrow represents an approximately 96-s time period during which no detectable Ca2+ rises took place.
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recognized by this antibody (Giusti et al., 1999a; Fig. 7, lanes
1 and 2; arrowhead) and associates with the bovine (Fig. 7,
lanes 3 and 4; Giusti et al., 1999a) and starfish (Fig. 7, lanes 5
and 6) PLC-gSH2SH2 fusion proteins in a fertilizationTable 2
IP3 can rescue the Ca
2+ release block imposed by AmPLC-gSH2SH2





of the Ca2+ rise
after IP3 injection
None 5/5 0.56 F 0.05
PLC-gSH2SH2a
1 mg/ml 3/3 0.60 F 0.09
0.5 mg/ml 3/3 0.62 F 0.05
Numbers are the mean F SD.
a Starfish eggs injected with PLC-gSH2SH2 protein were inseminated and
monitored for an increase in calcium green dextran fluorescence. When a
fluorescence increase was not detected after a 13 min or more recording
period, the egg was then injected with 0.1 AM IP3 (final concentration in the
egg). See Table 1 for details regarding determination of the peak amplitude.responsive manner, but not with the SHPSH2SH2 fusion
protein (Fig. 7, lanes 7 and 8). The control SHP2SH2SH2
fusion protein was functional based on its ability to bind
tyrosine phosphorylated proteins (data not shown) and thus
served as a valid control for specificity.
Fertilization-dependent tyrosine phosphorylation of
echinoderm PLC-c
Is egg PLC-g tyrosine phosphorylated at fertilization?
Several reports (De Nadai et al., 1998; Rongish et al.,
1999) indicate that sea urchin egg PLC-g may be tyrosine
phosphorylated, but these results were inconclusive. Since
the AmPLCpep antibody worked well in immunoprecipita-
tion and immunoblot experiments (Figs. 2 and 3A), we
attempted to address this question. We used sea urchin eggs,
as PLC-g is much more stable in these eggs as compared to
starfish (Fig. 3). Immunoblots of sea urchin egg lysates reveal
that the AmPLCpep antibody, directed against AmPLC-g,
specifically recognizes a protein of ca. Mr 150 K in S.
purpuratus lysates (Fig. 3, lane 1; and Fig. 8A, lanes 1 and
Fig. 8. Fertilization-dependent tyrosine phosphorylation of echinoderm PLC-g. Un
eggs were lysed in PLC isolation buffer (see Materials and methods). After clarif
lysate input) were adjusted to 3 mg/ml and incubated with 5 Ag AmPLCpep antib
control (‘‘C’’; lanes 5 and 7). Incubation of 5 Ag AmPLCpep antibody and anti-ch
lane 3). Washed IPs were split into two samples, electrophoresed on 7.5% polyacry
AmPLCpep antibody or (B) PY20 monoclonal antibody. Panel C shows a replica
ortho-phoshotyrosine as a competitor, demonstrating the specificity of the antibod
with the same results in four of the experiments. In the fifth experiment, signific
phosphorylation was detected on the remaining intact protein (data not shown). Th
Mr standards are indicated (1000 Da).
Fig. 7. Interaction of an egg SFK with the AmPLC-g tandem SH2 domains.
Total TX-100 lysates (20 Ag input, lanes 1 and 2) from unfertilized (UF)
and fertilized (F, 2.5 min post sperm addition) were incubated with beads
coated with recombinant GSTSH2SH2 protein from bovine PLC-g 1 (lanes
3 and 4), starfish PLC-g (lanes 5 and 6), or murine SHP2 phosphatase
(negative control; lanes 7 and 8). Bound proteins were electrophoresed on a
10% polyacrylamide SDS gel and analyzed by immunoblotting with an
antibody directed against vertebrate SrcA proteins and detection was via
enhanced chemiluminescence (30-s exposure is shown). The arrowhead
indicates the p58 protein that is recognized by the anti-SrcA antibody. The
higher Mr protein detected in the input (lanes 1 and 2) is an unknown cross-
reacting protein (see Abassi et al., 2000; Giusti et al., 1999a). Size standards
are 1000 Da. The experiment was repeated five times on four different
batches of eggs, using three different batches of fusion proteins, with the
same results in all experiments.
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sperm addition) were then immunoprecipitated with the
affinity-purified AmPLCpep antibody. The washed immune
precipitates were electrophoresed, blotted, and probed with
the AmPLCpep antibody (to ensure equal recovery; Fig. 8A)
or anti phospho-tyrosine antibody (Fig. 8B). As shown in Fig.
8B, tyrosine phosphorylation of PLC-g was detected in
fertilized eggs (Fig. 8, lane 6). In some experiments, there
was a very faint band detected in PY20 blots of unfertilized
eggs, but this was not substantial, and a fertilization-depen-
dent increase in tyrosine phosphorylation of AmPLC-g was
observed consistently. The specificity of the pY20 antibody
was confirmed by probing replicate blots with pY20 in the
presence of free ortho-phosphotyrosine, which effectively
competed for binding to the phosphorylated PLC-g (Fig. 8C).Discussion
The identification and characterization of a full-length
PLC-g expressed in starfish eggs allowed us to develop
reagents to test rigorously its role in the sperm-induced Ca2+
release pathway. The deduced protein exhibits the hallmark
characteristics of the PLC-g family members, including the
basic domain structure and key catalytic and regulatory
residues (Fig. 1; Rhee and Bae, 1997). The starfish protein
exhibits about the same degree of homology with vertebrate
PLC-g1 as it does with PLC-g2, although the first conserved
regulatory tyrosine motif of the starfish protein (NSLY) is
more like that of mammalian PLC-g2 (NSLY) than PLC-g1
(YGALY; see Fig. 1A).fertilized (U) and fertilized (F; 2.5 min post sperm addition) S. purpuratus
ication by centrifugation, the lysates (lanes 1 and 2; 20 Ag of total soluble
ody and anti-chicken IgY agarose beads (lanes 4 and 6) or beads alone as a
icken IgY agarose beads in the lysis buffer served as a mock IP control (M;
lamide SDS gels, transferred to nitrocellulose, blocked and probed with (A)
te blot probed with the PY20 monoclonal antibody in the presence of free
y. The experiment was repeated five times on five different batches of eggs
ant degradation of the intact PLC-g protein was observed and no tyrosine
e competitor experiment was repeated twice, with the same result. Precision
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PLC-g is actually regulated by tyrosine phosphorylation
(Rongish et al., 1999; Shearer et al., 1999), since fertiliza-
tion-dependent tyrosine phosphorylation of PLC-g had not
been detected in echinoderm eggs and since PLC-g can be
regulated by other means (Bae et al., 1998; Rhee, 2001). For
example, sea urchin egg PLC-g has been observed to
translocate to the membrane fraction at fertilization (Belton
et al., 2001; Rongish et al., 1999) and this could be
independent of tyrosine phosphorylation. Alternatively, per-
haps only a small fraction of egg PLC-g is phosphorylated at
fertilization and this may be beyond detection limits (Rong-
ish et al., 1999; Shearer et al., 1999). Our analysis of sea
urchin egg immunoprecipitates using the affinity-purified
antibody (AmPLCpep) directed against the starfish PLC-g
protein revealed fertilization-dependent tyrosine phosphory-
lation, which had not been detected previously using anti-
bodies directed against mammalian PLC-g. Although we do
not know precisely how starfish oocyte PLC-g is regulated, it
is probable that it is typical of most PLC-g enzymes (Rhee,
2001; Rhee and Bae, 1997). In sea urchin eggs, PLC-g is
tyrosine phosphorylated at fertilization (this work) and also
Ca2+ sensitive (Rongish et al., 1999), and we predict that this
would be the case in starfish eggs as well. The identity of the
kinase that phosphorylates PLC-g (presumably an SFK
based on the affinity interaction results) as well as the
regulation of this kinase remains to be determined.
The phosphorylation of PLC-g (this work), activity pro-
file of PLC-g (Rongish et al., 1999), and the activation of
SFKs (Abassi et al., 2000; Giusti et al., 1999a) are consistent
with a model in which sperm–egg interaction triggers an
SFK which in turn phosphorylates and activates PLC-g,
resulting in production of IP3 and Ca
2+ release. However,
the initiation of Ca2+ release occurs within tens of seconds of
sperm–egg interaction while maximal SFK activity, PLC-g
phosphorylation, and activity occurs on the order of minutes
post-insemination. Increases in SFK activity can be detected
as early as 15 s post insemination (Ciapa and Epel, 1991),
and in particular, the interaction of an active SFK with PLC-
g is detected within 15 s post insemination as well (Giusti et
al., 1999a). To date, the experimental evidence indicates that
activation of SFK(s) is upstream of the Ca2+ release
(reviewed in Jaffe et al., 2001). The working model is that
the rapid, switch-like response in the egg operates on a
threshold response and there are technical limitations of
detecting the exact threshold (c.f. discussion in Shearer et
al., 1999). Similar explanations for switch-like signaling
have been described in other systems, such as immune cell
signaling (c.f. Burkhardt et al., 1994) and the MAP kinase
pathway in Xenopus oocytes (c.f. Ferrell, 1999; Ferrell and
Machleder, 1998). In this work, the interaction of PLC-g
with an SFK and the phosphorylation of PLC-g were
evaluated at 2–2.5 min post-insemination. This time point
was chosen based on the rationale that the ‘‘maximal’’
activity and interaction were occurring at this time, over-
coming detection limit obstacles. In our experiments, 98–100% fertilization (as judged by fertilization envelope ele-
vation) has occurred by that time and fertilization was
performed under conditions where synchronicity was max-
imized (data not shown). Tighter time courses of PLC-g
phosphorylation and activity are being conducted, but until
real-time measurements of enzymatic activities, and IP3
production are possible, the question of kinetics will remain.
To test if AmPLC-g is required for Ca2+ release at
fertilization, we prepared GST fusion proteins encompassing
the tandem SH2 domains for use as dominant-interfering
agents. The solubility and binding properties of these SH2
domain constructs were dependent on the residues chosen for
inclusion. Although the bovine PLC-g1SH2SH2 GST fusion
protein is soluble and binds phosphotyrosine containing
target proteins in echinoderm eggs (Carroll et al., 1997,
1999; Giusti et al., 1999a; Shearer et al., 1999; this work), a
construct of AmPLC-g modeled on this design was not very
soluble (Fig. 4A, construct #1). However, redesign of the
construct to provide a few additional amino acids upstream
of the structurally critical ‘‘WFHGKL’’ motif that marks the
start of the antiparallel h-sheet (Eck et al., 1993; Kuriyan and
Cowburn, 1997) at the N-terminus of the first SH2 domain as
well as extension at the C-terminus of the second SH2
domain solved the solubility problem (Fig. 4A, construct
#2). Shearer et al. (1999) reported that a GST fusion protein
containing the SH2 domains of sea urchin (P. lividus) PLC-g
was not very soluble and did not have a strong inhibitory
effect on Ca2+ release at fertilization (although bovine PLC-
gSH2SH2 did inhibit Ca2+ release in these eggs). Compar-
ison of the SH2 fusion proteins (Fig. 4A) reveals a likely
reason for this observation, which was also noted by Shearer
et al. (1999). Namely, the sea urchin construct (PlPLC-
gSH2SH2) is lacking the first 30 residues or so of the N-
terminal SH2 domain. Based on several studies, these
residues would be critical for forming the antiparallel h-
sheet motif of the N-terminal tandem SH2 domain. Their
absence would lead to an SH2 domain that likely would lack
the phosphotyrosine recognition domain, resulting in a
functionally impaired protein (c.f. Eck et al., 1993; Kuriyan
and Cowburn, 1997; Malabarba et al., 2001 and references
therein), providing a reasonable explanation for the negative
results obtained by Shearer et al. (1999).
Our observation that the SH2 domains of an endogenous
starfish egg PLC-g function as dominant interfering agents
of sperm-induced Ca2+ release confirms and strengthens the
previous results obtained in starfish eggs using reagents
derived from vertebrate PLC-g1. Injection of AmPLC-
gSH2SH2 fusion proteins into starfish eggs at various
concentrations showed a dose-dependent effect on Ca2+
inhibition at fertilization. At high concentrations, there was
a complete block while at lower concentrations, there was an
increased delay between the time of sperm–egg interaction
and Ca2+ release. As pointed out previously (Carroll et al.,
1997, 1999; Shearer et al., 1999), this delay effect would be
expected when a component required for the initiation of
Ca2+ release was inhibited. Evidence that the AmPLC-
L.L. Runft et al. / Developmental Biology 269 (2004) 220–236234gSH2SH2 protein exerts its inhibitory effect by specifically
impairing endogenous egg PLC-g includes the observation
that the control SHP2SH2SH2 protein has no effect on Ca2+
release at fertilization and that microinjection of IP3 can by-
pass the block imposed by the AmPLC-gSH2SH2 protein.
Interestingly, it appears that the AmPLC-gSH2SH2 fusion
protein may be a more potent inhibitor of Ca2+ release at
fertilization in starfish eggs than the bovine PLC-gSH2SH2
protein. At 0.1 mg/ml (1.9 AM), the AmPLC-gSH2SH2
domains have a stronger inhibitory effect than the bovine
PLC-gSH2SH2 protein (this work, and compared with data
in Carroll et al., 1997). This suggests that the affinity of the
AmPLC-g SH2 domains for critical target proteins in echi-
noderm eggs may be greater than that of the bovine PLC-g
SH2 domains. Even slight variation in affinity of an SH2
domain for its target protein can have profound biological
effects (see Ladbury and Arold, 2000). The deduced se-
quence of the AmPLC-g protein reveals that the tandem SH2
domains exhibit the classic SH2 domain antiparallel h-sheet
motif. The five critical residues on one side of the sheet that
determine specificity (designated hD5, hE4, EF1, BG2 and
BG3; Eck et al., 1993; Kuriyan and Cowburn, 1997; Mala-
barba et al., 2001) are conserved among the AmPLC-g,
human PLC-g1, and bovine PLC-g1 C-terminal SH2
domains (C/L/G/P/Y; Fig. 1A). However, in the N-terminal
SH2 domain, the starfish protein differs from the mammalian
protein at the BG3 position (C instead of V). Since an amino
acid change at the BG3 position can influence binding to
tyrosine phosphorylated targets (Malabarba et al., 2001), this
conceivably could account for the observed difference in the
functional effects of the bovine vs. the starfish PLC-
gSH2SH2 proteins on Ca2+ release.
Where does this leave us in regard to the mechanism of
sperm-induced Ca2+ release at fertilization? It seems clear
that in echinoderms and ascidians, the initial Ca2+ release
requires a signaling event involving a SFK and PLC-g.
Outstanding questions include the elucidation of the signal-
ing complex architecture, the resolution of kinetics, and of
course, identification of upstream activators (sperm or egg
derived). In vertebrates, the picture is not as clear. In
Xenopus eggs, both PLC-g and Src-type kinases have been
implicated in Ca2+ release (Sato et al., 1996, 1999, 2000,
2002, 2003; Glahn et al., 1999; Tokmakov et al., 2002).
Similarly, SFKs play a role in zebrafish egg activation
(Kinsey et al., 2003; Wu and Kinsey, 2000), suggesting a
conserved pathway among deuterostomes. However, al-
though bovine PLC-g1SH2SH2 domains can inhibit PLC-
g activity in Xenopus eggs, they do not inhibit sperm-
induced Ca2+ release (Runft et al., 1999). Likewise, in
mammalian eggs, PLC activity is required for Ca2+ release
at fertilization (DuPont et al., 1996), but injection of dom-
inant-interfering bovine PLC-g1 or PLC-g2 tandem SH2
domains have no effect on sperm-induced Ca2+ release
(Mehlmann et al., 1998) and the requirement for protein
tyrosine kinase activity is not well understood (DuPont et al.,
1996; Talmor et al., 1998; see Runft et al., 2002).In mammals, it is possible that a sperm-derived PLC
may play a role in mediating Ca2+ release at fertilization. In
addition to PLC-g1 and PLC-g2, mouse sperm also contain
PLC-y4, possibly PLC-h, and a novel PLC isoform, desig-
nated PLC-~ (Fukami et al., 2001; Mehlmann et al., 1998,
2001; Parrington et al., 2002; Runft et al., 2002; Saunders et
al., 2002; Walensky and Snyder, 1995; Wu et al., 2001).
PLC-~ is most similar to PLC-y, the main difference being
that PLC-~ lacks an N-terminal PH domain shared by all
other PLC isoforms (Rhee, 2001; Saunders et al., 2002).
PLC-~ and PLC-y both lack the SH2 and SH3 protein–
protein interaction domains found in PLC-g. Injection of
PLC-~ RNA into mouse oocytes stimulates Ca2+ oscilla-
tions like those seen at egg activation (Cox et al., 2002;
Saunders et al., 2002). However, recombinant PLC-~ pro-
tein has not been tested to determine if it can induce Ca2+
release in mammalian eggs and specific inhibitors of this
protein are not yet available to examine whether activity of
this protein is required for Ca2+ release at fertilization. In
addition, another report suggests that a single mouse sperm
does not contain enough PLC activity to be capable of
inducing Ca2+ release at fertilization (Mehlmann et al.,
2001).
Despite species- or system-specific variations and the
inherent difficulties in studying the phenomenon of fertil-
ization, the identification of the endogenous components of
the signaling pathway leading to initial Ca2+ release at
fertilization in echinoderm species provides an exciting
opportunity to study the regulation of a switch-like signal-
ing event and to identify the initial trigger(s) of egg
activation.Note added in proof
Recently, Coward et al. (2004, BBRC 313, 894–901)
reported the cloning of PLC-y from S. purpuratus eggs.Acknowledgments
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